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In this work the SS316L + SiC Metal Matrix Composites (MMCs) was characterized. Different 
amount of Silicon Carbide (SiC) was added as reinforcements in a matrix of 316L Stainless Steel 
(SS316L): 10% in volume and 20% in volume. The composites were produced by Laser Cladding 
(LC).  
An evolution of the characteristics of the cladded deposit was observed with the change of LC process 
parameters, such as power, scanning speed and powders utilized. For the production of SS316L + 
20% SiC deposit the powders were used in original (as-produced) and milled conditions. While for 
the SS316L + 10% deposit only original powders were utilized.  
The deposits with 10% in volume of original SiC powders and with 20% in volume of milled SiC 
powders exhibit a compact structure with absence of porosity and/or cracks, and good interaction 
with the substrate. 
The characterization was made by means of Optical Microscope (OM), Scanning Electron 
Microscope (SEM), Differential Thermal Analysis (DTA), Thermo Gravimetry Analysis (TGA), 
Macro-hardness tests and chemical analysis.  
The powders of the two different compositions and after the milling process were characterized, 
especially by different thermal analysis and microscope observations. Considering their 
characteristic, the best condition for the Additive Manufacturing (AM) process was chosen and the 
samples were fabricated by LC. The microstructural characterization on the deposits revealed the 
formation of carbides that reinforce the matrix. The morphology and the composition of phases of the 





In questo lavoro è stato caratterizzato il composito a matrice metallica 316L + SiC. Differenti quantità 
di Carburo di Silicio (SiC) sono state aggiunte come rinforzo in una matrice di Acciaio Inossidabile 
316L: 10% in volume e 20% in volume. I compositi sono stati realizzati con la tecnologia Laser 
Cladding. 
Cambiando i parametri operativi quali potenza del laser, velocità e tipo di polvere, è stata osservata 





SiC sono state utilizzate sia polveri originali sia polveri dopo differenti condizioni di macinatura, 
mentre per i depositi 316L + 10% SiC sono state utilizzate solo polveri originali. 
I depositi con il 10% in volume di polveri originali di SiC e con il 20% in volume di polveri macinate 
di SiC esibiscono una struttura compatta con assenza di porosità e/o fratture, e una buona interazione 
con il substrato nel quale è stato effettuato il deposito. 
La caratterizzazione è stata effettuta con l’ausilio di Microscopio Ottico ed Elettronico, Analisi 
Termica Differenziale, Analisi Termica Gravimetrica, test di Macro-durezza e analisi chimiche. 
Le polveri con le diverse composizioni e dopo i processi di macinatura sono state caratterizzate 
utilizzando analisi termiche e osservazioni al microscopio. Considerando le loro caratteristiche, sono 
state scelte le condizioni migliori per i processi di Additive Manufacturing e i depositi sono stati 
realizzati con la tecnologia Laser Cladding. La caratterizzazione microstrutturale dei depositi rivela 
la presenza di carburi che rinforzano la matrice. La morfologia e la composizione delle fasi presenti 
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1  INTRODUCTION 
 
 
Powder Metallurgy (PM) is an ancient materials processing technology. This technology has 
evolved from the traditional processes such as die compaction, injection moulding, rolling, hot/cold 
isostatic pressing etc. to the recent Additive Manufacturing (AM), popular known as 3D printing. 
This technology has developed in the last 25 years, within the new industrial revolution in aerospace, 
defence, automotive and medical industries. The success of this materials processing is due to the 
many advantages in comparison with classic processes, like near net shaping, production speed, 
freedom of design and cost saving. All those advantages have been enhanced with the possibility of 
the Additive Manufacturing technologies and opening doors for new structures and applications. 
Furthermore, new materials have been developed in Additive Manufacturing, that were impossible to 
cast in the past. In fact, with the invention of technologies capable of combining very different raw 
materials to create a new product, the chase by major industries worldwide towards Additive 
Manufacturing has begun. Many achievements have been made in the field of Metal Matrix 
Composites (MMCs), thanks to the development of technologies such as Laser Cladding, Selective 
Laser Melting, Direct Metal Laser Sintering etc.  
The main feature that makes Metal Matrix Composites from laser technologies attractive is 
the possibility to create products with tailored properties by varying the raw materials. Depending on 
the type of matrix and reinforcement, the microstructure of the material changes and consequently 
the mechanical, physical and chemical properties. Currently, important progresses have been made 
in this field, but many behaviours of the matrix/reinforcement interaction have not been fully 
understood and only few alloys can be reliably printed.  
In this study laser cladding process has been applied to reinforce 316L Stainless Steel with 
SiC particles, in the hope to improve the wear resistance. Particular attention was focused on the 
fabrication and the microstructure of two different composition of the cladded deposits. The 
composite materials SS316L + 10% (in volume) and SS316L + 20% (in volume) of SiC powders 
were characterized by means of several characterization technique. A tailored powder preparation by 
milling was set in order to fabricate a sound deposit by Laser Cladding machine. The chemical 
interactions between the two powders during the Additive Manufacturing process were clarified. 


































































2  STATE OF ART 
 
 
2.1 Powder Metallurgy (PM) 
 
Powder metallurgy (PM) is a peculiar branch of the metallurgy, in which the production and 
utilization of metal powders constitute the main interest. The term ‘Powder Metallurgy’ has an 
umbrella meaning since it covers a wide range of manufacturing processes for metallic components.  
Traditionally, powder metallurgy is divided in two industrial categories, ferrous precision 
parts and hard metals used on the automotive industry. The major tonnage produce in PM consists of 
ferrous parts (1.106 t of iron and steel) that generate an annual turnover of an estimated 15.109 $ 
worldwide. While hard metal parts generate an estimated turnover of about 18.109 $ at an annual 
tonnage of 75 000 t. Both product groups have started their growth in the 1920s with the combination 
of tungsten carbide (WC) with iron-base alloys by Schroter and Skaupy in Berlin, and in the 1930s 
with the production of oil pump gears for cars in United States. During World War II, in Germany 
metallurgists adapted compacting techniques known for ceramic components to metallic powders. 
PM had a large expansion after the war in the car industry sector, with the introduction of tailored 
alloy grades such as steel made from Ni-Cu-Mo diffusion bonded powders and by Cr or Cr-Mo 
alloyed types, by combining sintering and heat treatments.  When the ‘diesel crisis’ started, diesel 
engine cars were banned from the city centres and they have begun to be replaced by electric or hybrid 
cars; so, PM industry has to be prepared for a fundamental change of its product. Today the challenge 
of PM is to find new applications, thanks to of its flexibility regarding properties, geometries, 
materials, and processing [1]. 
Characteristics of PM like prize or uniqueness and captive applications are the main 
advantages of his processes. The metal powder industry competes directly with other metalworking 
practices such as casting, forging, machining. Its cost is advantageous on making complex shaped 
parts and minimizes the need for machining and other conventional processes. PM parts have a good 
surface finishing and they can be treated to increase wear resistance or strength. The process provides 
part-to-part reproducibility and controlled microstructure. Moreover, it allows to fabricate materials 
that are difficult to process by other techniques. [2] 
The aim of manufacturing high quality component by PM is to control the properties of the 
powder, such as particle size distribution, particle morphology and composition. Generally, the use 
of powders for specific engineering applications requires properties such as formability, apparent 





Most of metals are available in form of powders, in different shape and size that depends on 
the way they were produced. There are three main methods of metal powder production: mechanical, 
chemical and physical. The mechanical methods include various type of atomization and milling 
processes. The main principle of all atomization technologies is the fragmentation of a stream of 
molten metal by the impact of water, gas, oil or by mechanical dispersion. The molten metal is divided 
in small droplets that crystallize in flight. Gas atomization is used when water atomization is not 
possible because of the reactivity of the metal. Powders obtained by gas atomization process present 
a spherical or near to spherical shape (Figure 1), necessary for many AM processes. Today the most 
used gases are nitrogen and argon. Nitrogen is not completely inert. On the other hand, the insolubility 
of argon in metals can lead to porous or hollow spheres, so depending on the desired final product, a 
correct preliminary choice must be made. With water atomization process, particles have irregular 
shape that provides good green strength by interlocking of the particles (Figure 1). The gas 
atomization process involves many variables such as the temperature, the diameter of the molten 
metal stream and the geometry of the nozzle. Oil atomization is also used but requires special safety 
measures. Its advantage is that the oxidation of the powder surface can be avoided. Another recent 
process is the plasma atomization, but it has many limitations. Other types of atomization process are 
centrifugal atomization, in which centrifugal force is used to disperse the molten metal. Finally, the 
production of fine chips by machining techniques such as milling or turning is an easy way to produce 
powders but it is also expensive. Milling consists of repeated welding, fracturing and rewelding of 
powder particles in a high energy mill. The average particle size for most metals produced by milling 
is >100 µm depending on the ductility of the powder. Typical mills are tumbling ball mills, vibratory 
mills and attritors. As milling is an energy-intensive process, the risk of impurities incorporated by 
wear of the mill and balls is high. The advantage of this process is the possibility to use different raw 
materials and develop new materials and alloys such as amorphous alloys, intermetallic compound 





































The physical and chemical methods include electrolysis, carbonyl process and plasma 
spheroidization. The first consists in allocation of electrode components, which occur when the 
solution or electrolyte melt carry current. The limitation of this process means an ability to receive 
pure metal, but not alloys. The carbonyl process allows to produce nickel and iron powder by a 
reaction of the crude metal with gaseous carbon oxide under pressure and high temperature. Finally, 
the plasma spheroidization is used as additional treatment in order to change the particles shape to 
spherical [6]. In Figure 2 are shown some powders by chemical production methods. 
 
 
Fe powders by Carbonyl process [7] 
 
 
Cu powders by electrolysis [8] 
 
Figure 2: Powders by chemical methods 
 
               Gas atomizator [4] 
 
 
SS316L powders by gas atomization [5] 
 
SS316L powders by water atomization [5] 
 





The different applications for metal powders usually require the appropriate physical, 
chemical and technological properties. Particle size, particle shape and structure and specific surface 
determine to a considerable extent of the properties of finished compacts from powder. They also 
have a strong effect upon the behaviour of powder during processing [9].  
Concerning particle size, different definitions are used: the sieve diameter which is the width 
of the minimum square aperture through which the particle will pass in sieve analysis and the 
projected area diameter which is the diameter of a circle having the same projected area as the particle 
in random orientation. Chemical properties can be characterized by two categories of analysis: bulk 
analysis gives the general chemical composition of the powder using a coupled plasma optical 
emission spectrometry or X-Ray fluorescence spectrometry, surface analysis gives information about 
the surface composition using X-Ray photo electron spectroscopy or Scanning Electron Microscopy 
(SEM) combined with energy dispersive X-Ray spectrometry (SEM-EDX). Technological properties 
can be characterized by various ISO or ASTM standard methods. The most important technological 
properties are flow behaviour, apparent density and compressibility [1,10]. 
PM components produced from corrosion-resistant alloys are a growing area of PM 
applications. Stainless steel PM alloys has a high demand in many industries, including automotive, 
chemical processing, medical, aerospace and recreational. Processing of PM stainless steel is critical 
to achieve satisfactory corrosion resistance: many cases of underperforming of these steel parts in 
terms of corrosion resistance are due to improper process. Improved understanding of the PM of 
Stainless Steel can extend the use of PM technology in terms of economic value and in applications 
[10].  





















Figure 3: Production routes in Powder Metallurgy [1] 
 
After the powder production, the conditioning step is also important. To proceed to the desire 
composition of an alloy through the powder route, there are various main alloying paths. Some 
production methods provide metal powder that require soft milling to obtain a suitable powder. The 
addition of binders and pressing aids is necessary to provide the desired compaction properties. 
Blending of powders is performed by dry mixing or mixing of suspension. After mixing, the powders 
should be handled with special care because de-mixing can be caused by transport, vibration or free 
falling. If the powders show inadequate flow behaviour, a treatment of agglomeration, spray drying 
or granulation may be necessary [1]. 
The consolidation can be developed in two steps or in single step. The first step of the two-
step process is the rigid die compaction. It gives the possibility to produce PM components in different 
shapes and sizes with a low cost compared with other methods. Powders with a low cohesive nature 
require some quantity of lubricant which can be added in a blending operation. Another method is 
powder injection moulding, suitable for manufacturing large number of components in different 
shapes and sizes. It is applied when tolerance and cost are important factors. This technology evolved 
from the common injection moulding for plastic parts. In the Cold Isostatic Pressing (CIP) the powder 
is poured into a flexible mould made of rubber that is immersed in a liquid pumped at high pressure. 





 The dimensional control is in principle less precise than in die compaction, but it gives the possibility 
to incorporate some metallic parts to the mould to produce a more accurate surface. CIP has become 
an important process for the production of some PM materials such as molybdenum and tungsten, 
tungsten heavy alloys and high speed steels. In the rolling process the powder is compressed in a 
rolling mill. The rolling operation can be carried out at room or elevated temperatures and the set up 
can be continuous or semi-continuous [3]. After these many types of first step, the second step of a 
two-step process is the sintering. The sintering is defined as the thermal treatment of a powder or 
compact at a temperature below the melting point of the main constituent, for the purpose of 
increasing its strength by bonding the particles together. Sintering can be performed in different 
variants, depending on the phases present: solid state, reaction, liquid phase, activated. For a PM 
stainless steel component, the sintering process involves a number of factors such as the type of 
furnace, temperature or atmosphere. Regarding the consolidation in one step, the main processes are 
Hot Isostatic Pressing (HIP) and most recently Additive Manufacturing (AM). In HIP a gas medium 
is used to apply pressure at high temperature to porous part. The combination of pressure and 
temperature allows achieving virtually full density at lower pressure than CIP and lower temperature 
than sintering, so the grain growth can be inhibited [1]. 
 
 
2.1.1 Additive Manufacturing (AM) 
 
Additive manufacturing is the name for the rapid prototyping processes, also known as 3D 
printing. At the beginning, the aim of this technology is to create quickly a basic model from which 
the final product and further models can be derived. Since the first technique for AM became available 
in the late 1980s and to fabricate models and prototypes, AM technology has experienced more than 
20 years of development. The layer by layer manufacturing technology was first established in the 
1971 patent of Ciraud, which is considered as the precursor of 3D laser cladding processes. 
Nowadays, the development of AM techniques is aiming to produce complex-shaped functionally 
metallic components, including metals, alloys and Metal Matrix Composites (MMCs) that cannot be 
easily produced by the conventional methods [11]. A definition given by the ISO/ASTM 52900-15 
is: “process of joining materials to make object from 3D model data, usually layer upon layer, as 
opposed to subtractive manufacturing methodologies”. In this definition there is the key to how AM 
works. It is that parts are made by adding material layer by layer, each layer is a thin cross-section of 
the part derived from the original CAD data [12]. 
AM refers to an advanced technology used for the fabrication of three-dimensional near-net-





way into a continuously increasing number of industries, such as aerospace, defence, automotive, 
medical, architecture, art, jewellery and food. This technology does not require moulds, fixtures or 
tooling that increase the time production. Also, near net shaping minimizes material use and waste. 
Other advantages and benefits of AM technologies are the production speed, design freedom, cost 
saving and green manufacturing. Referring to AM for metal component, each AM process has its 
specific characteristic in terms of useable materials, processing procedures and field of application.  
The prevailing AM technology for the fabrication of metallic components has three basic processes: 





Figure 4: Laser Additive Manufacturing processes of metallic components [11] 
 
Laser sintering (LS) is based on the layer by layer spreading of powder and subsequent Laser 
Sintering. Normal LS system consists of a laser, an automatic powder layering apparatus and other 
accessories (Figure 5). Different type of laser can be used, including CO2, Nd: YAG, fiber laser, disc 
laser, etc. The choice of the laser has an influence on the consolidation of the powders because the 
laser absorptivity of materials depends on the laser wavelength and because the laser energy density 
determines powder densification. The LS process starts with the positioning of a substrate on the 
building platform. The protective inner gas is fed into the building chamber to reduce oxygen content. 
Subsequently a layer is deposited on the substrate and the laser beam scans the powder bed surface 
to form layer-wise profiles according to CAD model. Finally, the previous procedures are repeated 










Figure 5: Laser Sintering schematic machine [11] 
 
Laser Melting (LM) (Figure 6) has been developed by the increase of the demand to produce 
fully dense components with mechanical properties comparable of those of bulk materials. The only 
difference with LS is based on the complete melting/solidification mechanism. LM requires a high 
energy level which is realized by applying good beam quality, high laser power and thin powder layer 










Finally, Laser Metal Deposition (LMD) follows the general principles of Additive 
Manufacturing, but the difference with LS and LM is the powder supply. In fact, the LMD powder 
process. the delivery system is designed to deliver powder via the nozzles. A focus on this process is 
done in the section 2.1.1.1. 
 
 
2.1.1.1 Laser Cladding (LC) 
 
In order to improve the surface properties of metallic mechanical parts, such as the resistance 
against wear and corrosion, several thermal surface treatments can be used, such as flame spraying, 
plasma spraying and arc welding. Depending on the applied technique, common problems are a 
combination of a poor bonding of the applied surface layer to the base material, porosity, thermal 
distortion of the workpiece, mixing of the surface layer with the base material and the inability of a 
very local treatment. One of the techniques that overcomes these problems is Laser Cladding (LC) 
[14].  
The principle behind laser cladding is the formation of the coating by melting the coating 
material and a thin layer of the substrate with a scanning laser beam normal to the surface. In two-
step laser cladding, the coating material is pre-deposited on the substrate and melted with the laser 
beam to form the coating, while in the single-step the material is injected into the melt pool created 
by the laser beam and melts to form the coating. The positive effects of laser surface treatments are 
based on a change of the microstructure of the material composition on the surface layer. The treated 
area is heated by absorption of energy delivered by the laser beam. The heated layer is self-quenched 
after passing of the laser beam by diffusion of heat to the cold bulk. The result is a grain refinement 
and the formation of metastable phases and/or altered microstructures due to the high heating and 









2.2 Materials by Additive Manufacturing 
 
 
2.2.1 Metal Matrix Composites (MMCs) 
 
A composite material can be defined as a material consisting of two or more physically and/or 
chemically distinct, suitably arranged or distributed phases. Generally, the continuous phase is the 
matrix in which the reinforcing phase is distributed. When the matrix component is a metal, a 
composite is called Metal Matrix Composite (MMC) [17]. 
The technologies to manufacture MMCs were still relatively immature by the early 1970s. By 
the late 1970s, the paradigm for materials development and commercialization began to change. An 
increased emphasis on affordability and a heightened sensitivity to risk, even in military systems, 
made it difficult to certify new high performance materials for applications. Research and 
development of MMCs was reinvigorated in the 1980s, when large technology programs provided a 
focal point once again for material with the highest performance, such as the National Aerospace 
Plane in the United States and similar programs in other countries. As a result of these activities, 
MMCs have found many applications in commercial sectors in the past two decades, such as the 
ground transportation (auto and rail), thermal management, aerospace, industrial, recreational and 
infrastructure industries [18]. 
MMCs have many advantages over monolithic metals including a higher specific modulus, 
higher specific strength, better properties at elevated temperatures, lower coefficient of thermal 
expansion and better wear resistance. On the debit side, their toughness is inferior to monolithic 
metals and they are more expensive at present.  MMCs offer a unique balance of physical and 
mechanical properties. They provide high thermal and electrical conductivity, good resistance to 
aggressive environments, good impact and erosion resistance and good fatigue and fracture 
properties. Additional functionalities can be designed into some MMCs through appropriate selection 
of constituents [19]. 
MMCs reinforcements can be generally divided into five major categories: continuous fibers, 
discontinuous fibers, whiskers, wires and particulate. Generally, reinforcements are ceramics, in 
particular oxides, carbides and nitrides which are used because of their excellent combinations of 
specific strength and stiffness at both ambient temperature and elevated temperature. In particular, 
particle reinforcements have assumed special importance for many reasons. Particle reinforced 
composites are inexpensive as conventional metallurgical processing techniques such as casting or 





unreinforced metal, enhanced modulus and strength, increased thermal stability, better wear 
resistance and relatively isotropic properties compared to the fiber reinforced composites [19].   
Earlier on, the role of the matrix was considered to be that of a binder to ensure strength and 
stiffness of fibers or other types of reinforcement. Over the years, however, it has been realized that 
the matrix microstructure and consequently its mechanical properties have a considerable influence 
on the performance of a composite. This is particularly true on the metal matrix composites because 
the very act of incorporating a reinforcement can result in change in the microstructure of the metallic 
matrix and, consequently, in their structural properties such as strength and toughness [18].  
 
 
2.2.2 Importance of reactions 
 
Some studies are present in the literature on the investigation of composite coatings with a 
metal matrix reinforced with various elements by AM processes. Typical matrix are SS316L, Ti, Al, 
SS304, reinforced by TiC, TiB2, CeO2, Al2O3, SiC. The reactions that occur during the manufacturing 
process lead to different microstructures and different properties, depending on the materials utilized 
as matrix and reinforcement.  
TiC particles were used to reinforce a matrix of SS316L (Figure 8). In this case, the addition 
of TiC particles refined the cell size of the TiC/SS316L composites. The reinforced material was well 
bonded with the SS316and there were a large number of dislocations near the TiC particles. The 





Figure 8: SS316L/TiC composite [20] 
  
The addition of CeO2 as reinforcements in a matrix of SS316L (Figure 9) does not alter the 
phase formation, but it affects the microstructure of the composite, which is refined compared with 














Figure 9: SS316L/CeO2 composite [21] 
 
The addition of Al2O3 in a matrix of SS304 by laser cladding is a suitable technique to obtain 
defect free coatings with higher hardness, corrosion resistance and wear resistance than conventional 
SS304. The microstructure is characterized by planar, cellular and dendritic crystals, and fine 





Figure 10: SS304/Al2O3 composite [22] 
 
Two important MMCs in terms of wear resistance are SS316L/WC and SS316L/SiC. 
SS316L/WC composite coatings exhibit a high survival rate of WC powder, due to the limited 
dissolution of WC the SS316L matrix (Figure 11). The microstructure is characterized by cellular 
dendrites. WC particles are surrounded by an interfacial reaction layer enriched with both W and Fe. 
The result of this deposit is a higher hardness than the reference SS316L. Indeed, different amounts 
of WC powders were added, up to 20 vol. %: the addition of WC resulted in a marked increase of 
hardness. A volume fraction higher than 20 vol. % leads to cracks, as a result of the development of 













Figure 11: SS316L/WC composite [24] 
 
The behaviour of SiC as reinforcement on 316L Stainless Steel was investigated to improve 
tribological and mechanical properties. SiC has not the same behaviour of WC as reinforcement of 
metallic matrix. The formation of iron silicide and the carbon precipitation had negative effect on the 
chemical and thermal compatibility of the SiC/Fe system. W.M. Tang et al [25] checked the behaviour 
of Si/Fe system in a range from 1073 to 1373 K. At 1073 K the solid-state reaction between SiC and 
Fe take place severely. The reaction products are Fe3Si, graphitic carbon precipitates and Fe(Si). 
Although several Fe silicides exist, only Fe3Si was detected in the reaction zone. The reason is 
attributed to the thermodynamical stability of SiC at the temperature investigated because of the very 
high bonding strength of Si-C. The decomposition of SiC requires to overcome an activation barrier. 
During the SiC/Fe reaction, once a layer of SiC is decomposed, Si atoms diffuse away and react with 
Fe to form a layer of Fe3Si silicide in front of the constituent C. The Fe concentration at the SiC 
reaction interface decreases dramatically and the SiC decomposition become more difficult. In order 
to further decompose SiC, a critical level of Fe concentration is required. Concurrently, the 
dissociated C atoms, in front of the SiC reaction interface form a small cluster and aggregate.  
W.M. Tang et al in another study [26] checked the microstructure of the reaction zone of SiC/Fe-20 
Cr, after annealing at 1373 K for 20h. The reaction zone is mainly composed of Fe3Si, Cr3Si, M7C3-
type carbide (M=Cr, Fe) and graphitic carbon. It is divided in two zones, the first zone is rich in Si 
and Fe and poor in Cr, the second is composed by Fe3Si, Cr3Si and M7C3. The second zone has an 
extremely high Cr content, a low Fe content and no Si content. The Si atoms from the SiC, selectively 
react with the Fe atoms to form Fe3Si. Meanwhile, the C atoms selectively react with Cr atoms from 
the Fe-20 Cr alloy to form the M7C3-type carbide. These selective reactions of Si, C, Fe and Cr is 
attributed to the high formation enthalpies of Fe3Si and Cr7C3. These studies lead to the fact that there 









Typically, in the SiC/316L sintered composite, SiC particles should be located between the austenite 
grains. The SS316L matrix was found to interact strongly with the SiC reinforcement with a formation 
of a low melting Fe-SiC phase. The use of high sintering temperature resulted in an increased amount 
of Fe-SiC being formed [27]. 
Various studies were carried out to investigate the laser cladding of SiC as reinforcement of SS316L 
matrix. The microstructure of austenitic stainless steel with the addition of SiC powders is composed 
of primary dendrites of austenite phase and interdendritic lamellar M7C3 eutectic carbides. The 
dissolution of SiC phases during laser alloying leads to the formation of phases such as SiC phase, 
FeSi or Fe3Si depending on the dilution rate of alloyed layer [28]. 
Another study presents the fabrication of SiC (5 and 20 wt%) dispersed SS316L by direct laser 
cladding. A continuous, defect free microstructure enriched in Cr and Si grains is formed. The grain 














2.3 Utilized Materials 
 
 
2.3.1 SS316L in classical and in Additive Manufacturing 
 
Stainless steel belongs to the family of ferrous alloys and it exhibits peculiar properties and 
characteristics which are otherwise unavailable in other grades. Three main categories of stainless 
steel exist: ferritic, austenitic and martensitic. They are different in term of compositional, 
microstructural and crystallographic features. The basis for stainless steel is the binary iron-chromium 
system. In particular, the austenitic stainless steels are formed by the addition of a γ austenite stabilizer 
element, such as nickel or manganese. The most common austenitic alloys are widely known as the 
300 series (Figure 13). They exhibit the highest corrosion resistance of the stainless steels group as 




Figure 13: AISI Austenitic Grades - Type 300 [30] 
 
Increasing levels of Cr and Mo increase the resistance to general corrosion, pitting and crevice 
corrosion, while high levels of Ni and Mo improve resistance to stress corrosion cracking. 
The weldability of austenitic stainless steel is higher than other grades of stainless steel. Indeed, the 
stability of the austenite phase lead to less thermal and residual stresses, resulting in weld joints that 
are ductile and tough even in the as-welded condition. Mo and Cr that are carbide former, which 
promote carbides in the grain boundaries of the Heat Affected Zone during welding in grades like 
316 and 317 [30].  
The austenitic stainless steels are used in wide types of applications and industries. Typical 
areas of use include piping systems, heat exchangers, tanks and process vessels for the food, chemical, 
pharmaceutical, pulp and paper. Currently metal parts made of 316L are produced by 
thermomechanical processes, which include casting, rolling, forging, extrusion and welding 
operations. When the part is unusual in shape or has fine internal features the drawback is the cost 
that will increase rapidly. The complexity of those parts is impossible to realize with the classical 





The mechanical properties of these parts are determined by the solidification microstructure, 





Figure 14: Correlation between temperature gradient G, solidification rate R and the microstructure [31] 
 
During transformation from liquid to solid, the solidification behaviour controls the distribution of 
solute and the size of the microstructure. Referring to Figure 14, the critical parameters determining 
the solidification microstructure are the temperature gradient G, solidification rate R, undercooling 
delta of temperature and alloy constitution. Depending on these conditions, the microscopical shape 
of the solid-liquid interface varies from planar to cellular dendritic, to columnar dendritic and to 
equiaxed dendritic. A planar growth occurs when G is very high or/and R is extremely low value. As 
R increases, the solidification morphology can shift to cellular, columnar and then equiaxed dendritic. 
Most metal alloys are solidified in cellular, columnar or dendritic mode in Additive Manufacturing 
[32]. 
In the classical manufacturing processes metals solidify as columnar dendritic or equiaxed 
mode. There has been extensive discussion in literature on the solidification of austenitic stainless 
steel in classical manufacturing processes. N.Suutala et al. [33] propose a classification of the 
austenitic microstructure in three categories: microstructure type A where the delta ferrite (that may 
be the first phase to form upon solidification) is vermicular and located at the cell boundary, 
microstructure type B where both vermicular and lathy ferrite are present and the delta ferrite is 
located mainly at the cell axes, microstructure type C where the lathy structure predominated. The 
general microstructure in type A is very regular due to the solidification substructure and is 
independent of the presence of delta ferrite. The ferrite has vermicular appearance and is located 
between cells or cellular dendrites. The ferrite content in type C microstructure is much higher. The 
structure consists of large grains of the lathy phases. Type B show a ferrite content intermediate 
between type A and C. The structure can consist of cells full of lathy ferrite surrounded by austenite 












Figure 15: Austenitic Stainless Steel microstructures [33] 
 
Other studies on the system Fe-Cr-Mo-C, in particular on an as-cast Fe-25Cr-5Mo-0.82C 
alloys, showed the formation of eutectic carbides [34]. The microstructure of the alloy revealed the 
presence of three distinct areas, as expected in a hypoeutectic as-cast alloys. The alloy consists of 
primary dendrites with secondary and ternary branches of Fe-Cr-Mo solid solution and eutectic 
carbides in the interdentritic zones. Dendrites can exhibit equiaxed shapes in top and in the bottom of 
the ingot, while  columnar dendrites are present in the middle (Figure 16), as explained in the 




























Figure 16: Microstructure in an as-cast Fe-25Cr-5Mo-0.82C alloys [34] 
 
A typical microstructure in laser cladding coating of SS316L presents clusters of cells of different 









2.3.1.1 Effect of addition of carbide-forming element 
 
The Fe – Cr – C – Mo system allows the formation of carbides such as M23C6, M7C3, M3C2, 
M6C, MC, each promote by some specific elements. M7C3 carbides are important in the wear 
resistance of a material. The initial growth morphology, the crystallographic structure of the M7C3 
are investigated by Sha Liu et al in conventional manufacturing processes [36]. This carbide is not a 
single block but a combination of multiple parts (Figure 18). In the solidification process of the molten 
alloy, the primary M7C3 carbide precipitates at high temperature. Among the initially growing M7C3 
carbides, some may form the carbide shell by revolving growth direction. The constantly growing 
and revolving protrusion may enclose some small carbides within the carbide shell. Lateral step exists 
on the lateral plane. Ultimately, bulky M7C3 carbide is formed. Furthermore, the growth of the 
protrusions can also cause the coalescence of adjacent M7C3 carbides. The primary M7C3 carbide is 
rich in C and Cr, but poor in Fe atoms. In the coalescence process the C and Cr atoms in the gaps are 
continuously consumed, which decreases the diffusions of C and Cr atoms towards the M7C3/liquid 
interface. It causes the gap filling process to remain incomplete. Moreover, with the continuous 
absorption of the mobile atoms, when their concentrations are reduced to a certain degree, the 
coalescence process of the M7C3 is terminated. Therefore, there are always several holes in the centre 





Figure 18: M7C3 carbide [36] 
 
Eutectic carbides such as M2C, M6C, MC are the results of eutectic reactions between C and 
carbide former elements present in the interdendritic liquid [37]. M6C is promoted by W and Mo. The 
3D morphology of eutectic M6C is characterised by the presence of a central platelet of M6C carbide, 
from which secondary platelet of M6C may arise separated from each other by austenite. These 





forming a wall of carbide around eutectic colony. The morphology of this carbide is not influenced 
by the chemical composition or cooling rate, except that at faster cooling rates the distance between 







Figure 19: M6C eutectic carbide [37] 
 
M2C is promoted by Mo, V and W. There are two type of M2C eutectic morphology (Figure 20): 
irregular and complex regular. Irregular M2C is characterised by a ragged boundary that does not 
clearly outline the interface between the matrix and the eutectic pool. The morphology is platelike 
with a tendency to assemble as radiating clusters. It is promoted by low cooling rates. Complex 
regular M2C is characterized by a smooth boundary that clearly outlines the interface between the 
matrix and the eutectic pool. It shows a regular distribution of M2C carbide over a small area forming 






























High melting temperature elements such as V, Nb, Ti and Ta tends to associate with carbon as MC 
carbide, in primary or eutectic condition. Figure 21 shows the different morphologies of MC carbide: 
divorced with isolated crystal, irregular with a petallike morphology and complex regular with a 























2.3.2 Silicon Carbide (SiC) 
 
Silicon carbide is an interesting material that has found application in a variety of industries. 
It exhibits highest corrosion resistance of all advanced ceramics, a high hardness, high strength up to 
high temperature and a good thermal shock resistance. On the other hand, it present limitations such 
as high cost, brittleness, low toughness. It is characterized by many crystal types of microstructure, 
depending on the formation method. The most common are cubic, hexagonal and rhombohedral 
structures. [38].  
It is widely recognised that SiC ceramic has a high potential for advanced structural 
applications, as well as for the production of composite materials and electronic devices. In most of 
these usages, SiC parts or fibres (particles, whiskers, etc.) are in direct contact with metal parts or 
matrices. The properties and performance of such ceramic/metal systems are either controlled or 
strongly influenced by the microstructure and properties of SiC/metal interfaces. 
When SiC particles are mixed with a stainless steel, there is a high risk of oxidation during 





low to promote reduction of the most stable oxides. As is reported in the study of T. Narushima et al. 
[39] the oxidation of SiC powders can be divided into two types: active and passive oxidation, 
described as follows. 
 
                                                  𝑆𝑖𝐶(𝑠) + 𝑂2(𝑔) → 𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)            Active oxidation 
 
It results in the weight lost of the SiC particles. 
 
                                                  𝑆𝑖𝐶(𝑠) + 3/2𝑂2(𝑔) → 𝑆𝑖𝑂2(𝑠) + 𝐶𝑂(𝑔)      Passive oxidation 
 
It results in the weight gain of the SiC ceramics because of generating the oxide membrane on the 
SiC surface. Because the decomposition of SiC is very limited during sintering, less Si or C atoms 
are generated, and dissolved into the matrix. The oxidation of SiC is not useful to improve the thermal 































3  EXPERIMENTAL METHODS 
 
 
3.1 Original Powders 
 
In the deposit fabrication through the laser cladding machine the particles must have specific 
characteristics. The powders size should be around 40-200 µm, otherwise they could create clusters 
and agglomerates on one side or cause great local pressures on the pipes on the other side. Spherical 
shape is preferred to an irregular shape since sharp edges could damage and/or clog pipes in the 
equipment. Moreover, irregular shape decreases the powder flowability leading to irregular powder 
feeding during the cladding process. 
In this study, two different type of powders were considered: 316L Stainless Steel (SS316L) 
powder and silicon carbide (SiC) powder. Granulometry and X-Ray Diffraction on them were done 
at the Faculty of Science of ULiège [40]. 
 
 








Figure 22: SS316L powder 
 
Globular-spherical SS316L powders were provided by ‘Höganäs’ [41], a Swedish company. In  Table 
1 chemical composition of the powders is shown:   
 
 
Table 1: Chemical composition of the SS316L powder (Annex 1) 
 
Element C Fe Mo Ni Cr Mn Si 





Figure 23: SiC powders at different magnification 
















SiC powders were provided by ‘H.C. Starck Ceramics GmbH’ [42], a German company. In Table 2 





The general morphology of these SiC powders is spherical, but many cavities and satellites are 
observed (Figure 23). SiC spherical powders are difficult to find in the market since generally they 
















Element C Fe B O Al Ca Si 
%wt 31-33 max 0.2 0.3-0.5 max 5 max 0.04 max 0.01  Bal. 
 





3.2 Milled Powders 
 
Powder milling was done in order to optimize the deposit of SS316L + 20%SiC. The several 
problems of this composite will be shown in chapter 4.2.2. Two different milling approaches were 
done, on the manual mixture of SS316L and 20% SiC powders and on SiC powders alone. 
The aim of this process is to break and deform the SiC particles, in order to eliminate their internal 
porosities. The limit of the treatment is the loss of the globular-spherical morphology from the 
excessive milling, since it could create particles with sharp edges and then problems during laser 
cladding process.  
The device used for this pre-treatment was ‘Pulverisette 6’ [43]. The equipment is composed 
by a double turning system in which a bowl is located. During the milling, powders and balls are 
placed into the bowl.  The internal part of the bowl and the used balls are tungsten carbide (WC), as 
















WC balls, 10 mm ɸ, 7.7 g 
 
 
Figure 24: Milling equipment [43] 
 
This device allows to set up the bowl rotational speed, the milling time, the break time and the number 
of repetitions.  
For each milling procedure, the process was stopped after a specific time and a small amount of 
powders was collected and put on a disc with adhesive paper (Figure 25) in order to check the effect 
of the milling process with SEM. Microscopy observations, chemical analyses and DTA tests were 









Figure 25: Example of powders on a disc 
 
3.2.1 SS316L + 20% SiC 
 
The set-up of the device for the manual mix of SS316L powders + 20% SiC powders is shown in the 




 Table 3: Milling parameters for SS316L+20%SiC 
Powders to mill 316L+20%SiC 
Powders weight 450 g 
Balls number 12 
Ball to powder ratio 1 : 5 
Rotational speed 180 rpm 
Break time 10 min / 30min 
 
 
Table 4: Milling stage for SS316L+20%SiC 
STAGE N° MILLING TIME 
Stage 1 30 min 
Stage 2 1 h 
Stage 3 2 h 
Stage 4 4 h 

















Three different milling strategies (Table 5, Table 6, Table 7) were realized on the SiC powders in 
order to have the same modification occurring in the milling of the manual mix but keeping the two 
powders separate.  
 
 
Table 5: Milling parameters 1 for SiC 
Powders to mill SiC 
Powders weight 100 g 
Balls number 13 
Ball to powder ratio 1 : 1 
Milling time 20 min, 1 h 
Rotational speed 150 rpm 
Break time 10 min / 30min 
Table 6: Milling parameters 2 for SiC 
Powders to mill SiC 
Powders weight 200 g 
Balls number 5 
Ball to powder ratio 1 : 5 
Milling time 30 min, 1 h 
Rotational speed 150 rpm 







Table 7: Milling parameters 3 for SiC 
Powders to mill SiC 
Powders weight 200 g 
Balls number 8 
Ball to powder ratio 1 : 3 
Milling time 30 min, 1 h 
Rotational speed 150 rpm 





















3.3 Deposit fabrication 
 
The samples were fabricated by Sirris [44] with a DUOCLAD VI LF 2000 as shown in Figure 26. 
This machine is developed by BeAM and it uses the CLAD (Direct Laser Additive Construction) 




Figure 26: DUOCLAD VI LF 2000 [24] 
 
In this section is reported the main characteristic of the functioning of this machine. 
Powders are inserted on the top of a powder feed. The machine is equipped with a double powder 
feed, in particular MediCoat DUO (Figure 27a) [46]. In this case, it is possible to work with different 














Figure 27: (a) Feeding towers [24], (b) Turntable 
 
During cladding, the turntable (Figure 27b) of the tower turns at different speeds depending on the 
powder natures and the requested powder feedings. The powder is mechanically mixed by an agitator 
and it is placed below the tower, on the turntable. The scraper and the collector homogenise the 
powder stream on the turntable before falling in the pipe. In this phase, the powder is also mixed with 
argon that bring the powder until the nozzle. The quantity of argon [min-1] depends again on the 

























A coaxial nozzle (Figure 28) developed by IREPA [45] was used to produce the samples. The 
nozzle is placed coaxially to the laser beam. It has different inputs: the laser enters through the top 
with a central gas inlet to protect the laser from rising fumes, the powder enters on the left, coming 
with a carrier gas from the feeding tower, the shape gas enters on the right, that is responsible for 
shaping the powder cone. 
The schematic process is shown in Figure 29. Different set up are possible: the laser beam 
starts from the left and it moves on the right. When it passes to the next layer it can continue over the 














Figure 29: Laser cladding schematic process 
















In this study the four cladded deposits are analysed. One has 10% SiC in volume and three have 20% 
SiC in volume. The codification of the name and the deposits analysed are shown in Figure 30.  
 
Figure 30: Deposit analysed in this study 
 
Different parameters were used (Figure 31). Two different powers and relative scanning speed 
were given to the machine. The laser worked with the lower power-scanning speed couple during the 
curve of the changing track of the deposit, while during the linear deposition of the laser cladding the 
higher power-scanning speed couple was used. The lines visible in the Figure 31 correspond to the 
different couple power-scanning speed, while the points indicate the incident energy that is the ratio 
between the higher value of power and scanning speed. 
For the fabrication of the deposit of 316L + 10% SiC, two different types of parameters were 
tried: one set up is present in literature (point and line green in Figure 31) [29], the other is from the 
fabrication of the cladded deposit of 316L + WC (point and line blue in Figure 31) [47]. Both the 
cladded deposit with the two different set-up present good surface quality, without visible porosity 
and/or external cracks. It was preferred the set-up present in literature since it is faster. 
For the first production of the cladded deposit of 316L + 20% SiC (sample S20.0) the same 
parameters of the sample S10.0 present in literature were used. In order to achieve better result, both 
the scanning speed and the power were decreased. This set up was used in the sample S20.06. In 
particular, the purpose was to increase the incident energy. Finally, for the sample S20.07 was used 
a set up with a higher scanning speed, but with low power. In this case, the incident energy was kept 
at around 90 J/mm according to the literature. Moreover, the first two layers of the deposit were done 
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Figure 31: Laser cladding parameters 
 
 
3.3.1 SS316L + 10% SiC 
 









S10.0 [29] 300 - 450 450 - 700 93 
 
Table 8: Parameters for cladded deposit of SS316L+10%SiC  
 

















































Figure 32: Deposit S10.0 
 







3.3.2 SS316L + 20% SiC 
 









S20.0 [47] 300-450 450-700 93 
S20.06 200-220 260-400 109 
S20.07 250-270 260-400 89 
 
Table 10: Parameters for cladded deposit of SS316L+20%SiC 
 
The deposit after the fabrication and the relatives geometric characteristics are shown in  
Figure 33 and in Table 11. The tracks of all the deposits are well visible and the external look is 
naturally with a shiny metallic colour without any cleaning. Nevertheless, the S20.0 and especially 
S20.06 exhibit cracks at the deposit-substrate interface. Instead, the S20.07 is more regular than the 
other deposits and it does not present cracks.  
 
Sample Height X [mm] Y [mm] 
S10.0 10 37 38 















































Sample Height [mm] X [mm] Y [mm] 
S20.0 13 38 40 
S20.06 13 38 38 
S20.07 13 38 38 
 
Table 11: Geometric characteristic of S20.0, S20.06, S20.07  
 
Both the feeding towers were utilized in order to produce S20.0 and S20.06, respectively with the 
original SS316L powders in the first tower and original SiC powders in the second one. During the 
fabrication of these samples many big sparks were observed, with a high light intensity. The laser 
beam in contact with powders had a high light intensity as well. In addition, gas around the deposit 
and in the chamber was observed. 
Principally one feeding tower was utilized to produce sample S20.07, using milled SS316L + 20% 
SiC powders, and secondarily original SS316L powders in the other tower. This deposit is 
characterized by the first two layers of original SS316L and the rest of the layers by milled SS316L 
+ 20% SiC powders. This was a preliminary choice in order to avoid the presence of cracks as in the 






















3.4 Microstructural characterization 
 
In order to characterize the deposits were done different workings on them in order to have an internal 
section to analyse. The two devices utilized for the microstructure observations are Optical 
Microscope (OM) and Scanning Electron Microscope (SEM). 
 
3.4.1 Samples preparation 
 
The deposits were cut by Spark Erosion Machine to obtain cylinder samples for thermal analyses or 
different sections for the microstructural characterization. In addition, was utilized a precision Cut-












































































Part 1 2 3 
Weight [g] 674 869 747 
Part 1 2 3 4 5 
Weight [g] 837 940 897 1163 854 
Figure 36: Characteristic of samples for DTA tests 
 
The cut sections were prepared with different techniques. First, they were incorporate in Bakelite 
using a STRUERS Citopress-1 (Figure 37a) [48]. Afterwards, polishing steps were done with the 
STRUERS Tegramin-30 [48] to arrive to a mirror polished surface. In order to observe the differences 
among the microstructure’s phases, an etching of diluted aqua regia was applied on the samples as 
well. The last step to the sample preparation was a treatment with an Oxide Polishing Suspension 
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Figure 37: STRUERS equipment [48] 
 
In Figure 38 are visible the samples after all the steps of the preparation.           


















3.4.2 Optical Microscope (OM) and Stream Analyse Software  
           
OM analyses were performed with an Olympus BX60 Microscope (Figure 39) [49]. Analyses were 
















The Stream Analyse Software [49] was utilized to analyse some pictures obtained from Optical 
Microscope. The software has many options as acquiring, processing, measuring images. In this 
study, the software was utilized to analyse the section of sample S20.0 to check the porosity.  
 
 
3.4.3 Scanning Electron Microscope (SEM) 
 
SEM analyses were done with a Phillips XL30 FEG-ESEM (Figure 40) [50]. It is equipped with an 
EDAX detector (Energy dispersive x-ray detector with an ultra thin window). The EDAX software 














Figure 39: Olympus BX60 [49] 





3.5 Differential Thermal Analysis (DTA) 
 
 
The DTA tests were performed with a NETZCH STA 449C Jupiter DTA (Figure 41). This device 
can observe the mass changes, oxidation/reduction behaviour, decomposition and corrosion studies. 





















For this study, DTA was used to investigate the thermal behaviour of the powders and of cladded 
deposits.  



























SS316L 5 0-1550 5 
SS316L+10%SiC 5 0-1550 5 
SS316L+20%SiC 5 0-1550 5 
SS316L + 20% milled SiC 1:5 30 min 5 0-1550 5 
SS316L + 20% milled SiC 1:3 1 h 5 0-1550 5 
milled mix SS316L+20%SiC 1:5 1h 5 0-1550 5 
milled mix 316L+20%SiC 1:5 2h 5 0-1550 5 
milled mix 316L+20%SiC 1:5 4h 5 0-1550 5 
milled mix 316L+20%SiC 1:5 6h 5 0-1550 5 
 
Table 12: DTA tests on powder 
 
The surface part and the cylinder of the deposit S10.0 of Figure 36 were used for different DTA tests 












Surface 3 5 0-1550 5 
Core 1 5 0-1550 5 
Core 3 5 0-1550 5 
Core 2 5 0-1240 20 
 









3.6 Hardness test 
 
Hardness indentation was done on sample S10.0. The device utilized was the EMCO M1C 010 
(Figure 42) [52]. This is considered a digital low-load hardness testing machine. It is possible to 
utilize Vickers, Brinell, Knoop and Rockwell testing with various weights. DIN EN ISO, ASTM E-
92 HV 30 were used in this study. The hardness tester is equipped with an automatic tool for the 
exchange of lens and indenter, fully automatic test cycle, automatic lens focusing, leading-edge high-
resolution CCD camera, fully automatic image evaluation and manual cross slide.  
In this work the test was done manually. It is then possible to calculate the hardness value by 







































4  RESULTS 
 
 
4.1 Powders characterization 
 
Powders characterization is useful in order to understand the particles behaviour. In every 
process  the morphology, dimensions, physical and chemical properties of powders have influence 
on the final result. This section shows the result of the characterization on original powders SS316L, 
SiC, SS316L + 10% SiC, SS316L + 20% SiC and milled powders SS316L + 20% SiC, SiC.  
 
 
4.1.1 Original powders 
 
















Figure 43 shows the amount of powders in volume % in function of the particle size of SS316L. 
The size range is from 60 µm to 270 µm with an average value of 120 µm. 
 






















Average SS316L powder size = 120 μm


























































1350 1370 1390 1410 1430 1450
Figure 44: DTA and TG heating curve for SS316L powder 

























Reaction or phase 
transformation 
H1 1120 1136 1150 Austenite fusion 
 
Table 14: Principal heating peaks for SS316L powder 
























Reaction or phase 
transformation 
C1 1438 1404 1399 
Austenite 
solidification 


























Figure 46: Optical Microscope observation on SS316L after DTA test 
 
Powders after DTA are not completely compact, as is visible on the left zone of Figure 46a. Referring 
to a focus on the microstructure (Figure 46b), an austenitic matrix with several thin carbides is present. 
 
 






































SiC after laser cladding
SiC virgin
Average size of SiC powder 
after laser cladding = 65 μm 
 
Average size of SiC 
virgin powder = 63 μm 







In  Figure 47 the average particles distribution of SiC after laser cladding and SiC virgin are shown. 
SiC powder after laser cladding is referred to the powder take from the nozzle of laser cladding 
machine after the process, while SiC virgin is referred to the powder as product.  The curve of SiC 
powder after laser cladding is shifted to the right with respect to the curve of SiC virgin powder, with 
an increase of the average dimension. This means that during laser cladding the smaller SiC powders 




4.1.1.3  SS316L + 10% SiC powder 
 
DTA heating and cooling curves are visible in the next figures (Figure 48, Figure 49). 
 
           Heating 
 











Reaction or phase 
transformation 
H1 1120 1136 1150 Oxidation 
H2 1240 1256 1271 Austenite fusion 
H3 1271 1356 1381 Austenite fusion 
H4 1400 ? ? SiC fusion 
 












































The presence of two austenite fusion peaks (H2, H3 in Figure 48) is due to inhomogeneous SS316L 
+ 10% SiC powders in the crucible of the DTA device. There are some parts with more density of 




























Reaction or phase 
transformation 
C1 1346 1336 1321 
Austenite 
solidification 
C2 1246 1231 1200 
M7C3 
solidification 
C3 1200 1186 1175 
M2C 
solidification 




Table 17: Principal cooling peaks for 316L+10%SiC powder 
 









































Figure 50: Optical microscope observation on SS316L+10%SiC powders after DTA tests 
 
The solidification starts from the border where powders are in contact with the crucible, in fact it is 
possible to see the solidification direction of the microstructure. In particular in Figure 50b are evident 
columnar dendrites and equiaxed dendrites. In Figure 50c there is a focus of the bottom left corner of 
the overview (Figure 50a), where different carbides are present. In fact it can be noticed thin carbides, 
but also complex carbides, in particular M2C and M7C3, indicated on the focus in Figure 50d. M7C3 


















4.1.1.4  SS316L + 20% SiC powder 
 













Reaction or phase 
transformation 
H1 1120 1130 1150 Oxidation 
H2 1175 1236 1305 Austenite fusion 
H3 1335 ? ? SiC fusion 
 
Table 18: Principal heating peaks for SS316L+20%SiC powder 
Cooling  
 































































































Reaction or phase 
transformation 
C1 1231 1211 1181 
Austenite 
solidification 
C2 1181 1166 1130 
M7C3  
solidification 
C3 1086 1021 931 
Precipitation of 
secondary carbides 













In the overview (Figure 53a) an inhomogeneous solidification can be noticed because of holes present 
on the top and on the bottom zone. The microstructure visible in Figure 53b presents high carbides 
density of different types. In fact, as indicated in Figure 53c-d there are M7C3 and M6C. Both have 
big dimensions up to more than 200 μm. Most of M7C3 have polygon shape with a high surface, 
protrusions and cavities [36], while M6C present a central thin line from where start ramification thin 
at the beginning and larger at the end [37]. Austenite is the first phase to be formed. 
 
 
4.1.2 Milled powders  
 
Different millings were done in order to achieve better results on the cladded samples. The milling 
was performed on a powder mix of SS316L + 20% SiC and on SiC powder alone.  
 
 
4.1.2.1 SS316L + 20% SiC powder 
 
As explained in section 3.2.1 for this milling was done different stage. For each stage was checked a 
small quantity of powders with SEM. 
 


























SiC: dark  






After 30 minutes of milling, the mixing is visibly homogeneous in Figure 54a. SS316L particles 
present SiC on the surface because of the continuous friction between them during the milling. The 
result of this is the stick of SiC on SS316L (Figure 54b).  
An important observation of this stage is the presence of SiC cavities particles: in fact as is possible 
to notice from Figure 54c-d, the SiC particle is fractured and inside of it there is a big cavity. 
 
 








Figure 55: Stage 2 (1 h milling) 
 
After 1 hour of milling, SiC and SS316L particles start to deform (Figure 55b). The phenomenon of 
SiC on SS316L surface and fractured SiC particles increases, due to the more contact time between 
the two different powders, as is possible to see in Figure 55c: on the top part is visible a deformed 


























Figure 56: Stage 3 (2 h milling) 
 
After 2 hours milling more SiC is stick on SS316L particles (Figure 56b). SiC particles dimension is 
lower than the previous stage because the number of fractured particles is increased. Some of SiC 






















Deformed SS316L cover by SiC 
deformed  













Figure 57: Stage 4 (4 h milling) 
 
After 4 hours milling the are several SS316L deformed particles, with a large part of the surface cover 
by SiC (Figure 57b). The number of fragments of SiC particles is increased, as is possible to see in 















Deformed 316L cover by SiC 
deformed  

















Figure 58: Stage 5 (6 h milling) 
 
After 6 hours milling there is not a homogeneous granulometry because the dimension of powders 
changes from particle to particle (Figure 58b). When the bowl was opened, on the surface there were 
several big grey particles. The dimensions of them is up to 500 μm Figure 58c-d.  
 














Big SiC  

















Reaction or phase 
transformation 
H1 1110 ? 1150 Oxidation/Reduction 
H2 1140 1220 1270 Austenite fusion 
H3 1280 ? ? SiC fusion 
 
Table 20: Principal heating for 316L+20%SiC milled powders 
 
4.1.2.1 Silicon Carbide powder 
 
For the milling of SiC powders different parameters were changed, in particular the ball to powder 
weight ratio and the milling time, as was explained in chapter 3.2.2.  











































































Figure 60: SEM micrograph of different milling on SiC powders 
 
Referring to Figure 60, milled powders with ball to powder ratio of 1:1 were checked after 20 minutes 
and after 1 hour of milling. For both this milling time, the result is not good because powders have 
suffered a strong milling due to the high number of balls. In fact, is possible to notice after 1 hour 
that some particles are completely destroyed.  
1:3 1 h 1:3 30 min 
1:5 1 h 1:5 30 min 





The balls number was decreased to a ball to powder ratio of 1:5. In this case the result is the contrary 
of the previous because the milling is not enough strong to deformed and fractured the particles, both 
after 30 minutes and 1 hour. 
The ball to powder ratio was changed in 1:3 increasing balls number, and powders were checked after 
30 minutes and 1 hour. After 30 minutes only big particles are smashed. Instead after 1 hour the 
milling is stronger because the number of small fragments is increased. 
 
DTA tests were done on powder 1:5 after 30 minutes and on 1:3 after 1 hour. Both these milled SiC 























Reaction or phase 
transformation 
H1 1116 1135 1146 Oxidation 
H2 1150 1230 1300 Austenite fusion 
H3 1280 ? 1520 SiC fusion 
 






















316L original + 20%SiC milled 1h 1:3
316L original + 20%SiC milled 30min 1:5










X-Ray Diffraction (XRD) was performed on the following powders (Figure 62): SS316L original, 
SiC 1:3 1 hour milling, SS316L + 20% SiC 1:5 1 hour milling. The aim was to check the possible 



















With this analyse is shown that there is no formation of intermetallic phases as Fe+Si in the mix 
SS316L + 20% SiC powders. In fact, the recognise peaks of SS316L and SiC (1:3 1h milling) 
















4.2 Laser cladded deposits characterization 
 
The results of laser cladded deposit characterization include microscopy observations and thermal 
analyses. First the results on the sample S10.0 and subsequently the sample S20.0 are presented. For 
S10.0 a macro-hardness test on the internal section was done. 
 
4.2.1 Cladded deposit SS316L + 10% SiC  
 
4.2.1.1 Microscope observations 
 






Microscope observations were performed on the left side of the sample S10.0 Figure 63, where the 








































Focusing on the boundary between the substrate and the deposit (Figure 64a-b) two different type of 
microstructure, columnar dendrites and equiaxed dendrites are indicated. They start to grow from the 
substrate. 
Figure 64c-d correspond to the central part of the deposit. In this area the two different zones are 
present: Track and Heat Affected Zone (HAZ). Referring to Figure 64d the difference between them 
is clear. The track is characterized by an interconnected network carbide, meanwhile the Heat 
Affected Zone is composed by an unconnected structure with a lower carbides density. 
In the external surfaces of the deposit are present many unmelted SS316L particles. They get trapped 
in the deposit and from their surface start growing dendrites in radial direction (Figure 64e). 
 
Track and HAZ were further investigated with SEM. 

























Figure 65b shows different zones as marked by the different shades of grey, corresponding to different 
microstructures. In the bottom part of the micrograph is present a bright grey zone containing some 
equiaxed and columnar dendrites. Above the first zone a small darker area is observed, but the 
microstructure cannot be resolved due to the low magnification. Finally, at the top, another bright 
grey zone with columnar dendrites is visible. Figure 65b is useful as it offers the possibility to 
appreciate the boundary between the bright and the dark zones. In order to check the difference 
between these zones, in Figure 65c-d is shown a close up on the boundary. 
Figure 65d allows to see the different carbide structure with better quality than the others figures. In 
comparison with Figure 65b, the bright zone corresponds to the track, while the dark zone corresponds 
to the heat affected zone.  
 










Figure 66: Track zones  
In Figure 66 different micrographs of microstructure on the track are shown, in SE or BSE mode at 
different magnification. Figure 66b is a focus in BSE mode of Figure 66a, while Figure 66c-d are the 
same zone but in SE and BSE mode respectively.   
Matrix 
Eutectic carbides 







The matrix can be distinguished from carbide networks. In particular eutectic carbides present 
different colours. In BSE mode the phases with element with high weight are bright, meanwhile the 
phases with lightweight elements are darker. 
The microstructure of the track is characterized by columnar and equiaxed dendrites, in which 
completely closed cells or opened they can form, as is visible in Figure 66b. 
 
To check the nature of the phases present on the track zone, some chemical analyses were performed. 
The quantity of Cr, Mo and C was checked in particular in the zones where carbides are visible, while 
for the matrix the attention was focused on iron. 





















































Si Cr Fe Mo C Mn Ni











Table 22 illustrates the difference in composition between the matrix and carbides. In particular the 
amount of C in the carbides is higher than the matrix, as expected. The contrary is for iron. The 
carbides forming elements are Cr and Mo, in fact they are present in high amount in zones 1,3,5,7. 
There is no presence of Si carbides, because the amount of Si is similar in the matrix and in carbides. 
At the light of this results, the track is characterized by the presence of Cr – Mo eutectic carbides. 
 
After the investigation on the track, a focus on the Heat Affected Zone was done. In Figure 69 some 
















Zone Si Cr Fe Mo C Mn Ni Phase 
1 5,41 18,74 51,23 1,81 12,90 1,36 8,55 Cr-Mo carbide 
2 6,05 13,78 62,82 0,77 5,04 0,88 10,67 Matrix 
3 5,74 22,85 43,26 2,69 16,96 1,40 7,12 Cr-Mo carbide 
4 6,82 22,15 44,04 3,16 15,62 0,95 7,27 Cr-Mo carbide 
5 4,99 25,45 42,64 2,55 17,05 1,25 6,06 Cr-Mo carbide 
6 6,57 14,42 61,01 0,71 4,91 0,94 11,44 Matrix 
7 6,64 21,37 45,79 2,84 14,50 1,28 7,58 Cr-Mo carbide 
8 5,89 13,98 62,69 0,77 4,72 0,67 11,27 Matrix 





























In the heat affected zone there is not the presence of a carbides network but there are different types 
of isolated carbides. Bright and dark carbides are clearly distinguished (Figure 69b). They have a 
different morphology: dark carbides present a globular or thin shape, instead bright carbides present 
a lamellar shape. It is possible to notice that the carbide is not formed by a single phase but by two 
different phases (Figure 69e). 


























































C Si Cr Fe Ni Mo Mn
1 2 3 4 5 
















Checking the values of C and Fe in the zone 2 and 4, it is possible to notice the presence of the matrix. 
Instead zones 1, 3, 5 correspond to a carbide composition because of the high amount of C. It is 
possible to distinguish the two type of carbides discussed above: dark and bright carbide. The dark 
carbides are in zones 1 and 3. In this case zone 1 has a higher amount of C than zone 3 because it is 
a coarsened carbide. The same is valid for the quantity of Cr. The dark regions are Cr carbides. 
While the bright carbide in zone 5 has less quantity of Cr than dark carbide in zone 1, but there is a 
higher amount of Mo. The bright regions are Mo carbides.  
 
In addition to chemical analyses, the Electron Backscattered Diffraction (EBSD) analyses was carried 
out. The aim of this was to examine the crystal lattice of various phases of the microstructure, in order 
to identify them together with the classical microscopy. The phases considered for the investigation 









Table 24: EBSD phases 
 
The zones of the EBSD analysis is on the right of a macrohardness indent. This zone was chosen 
since exhibit the transition from the track microstructure (on the left) and the HAZ (on the right) 
(Figure 72b-c).  
 
Zone C Si Cr Fe Ni Mo Mn Phases 
1 32,64 1,83 30,71 28,38 3,54 2,29 0,58 Cr carbide 
2 13,56 4,47 12,49 57,02 10,64 0,80 0,99 Matrix 
3 20,20 4,62 14,14 49,17 8,61 2,21 1,02 Cr carbide 
4 13,78 4,83 13,08 55,76 10,85 0,81 0,86 Matrix 
5 21,47 6,11 11,22 48,03 8,37 3,84 0,93 Mo carbide 



















Figure 72: EBSD on sample S10.0 
 
Figure 72a-b-c show the EBSD zone with an increasing magnification. With the pattern quality 
(Figure 72d) is possible to understand if the EBSD analysis had a good result. The darker zones mean 
a low-quality result because the lattice structure was not well indexed. While the bright zones mean 













especially the carbides network. As it is indicated, it is possible to see many diagonal lines converging 
in the same zone of the micrograph: they are the consequence of the deformation induced by the 
macro-indentation.  
In Figure 72e the phase map is shown. The grey colour corresponds to Austenite, in fact it is situated 
in the matrix areas. The other main identified phase is Cr7C3 carbide (red) with an orthorhombic 
lattice. This phase is present in high quantity in the heat affected zone. Moreover, it is possible to see 
(Cr,Mo)23C6 carbides in the blue areas with s face cubic centred structure. The yellow points represent 
a Fe – Mo carbide (M3C). This phase is located in the transition zone of track and HAZ.  
In Figure 72f is possible to notice different coloration in the matrix areas. Each colour represents a 
different solidification direction of the austenite, because of the different angle in the crystallography 
orientation of the austenite phase. The solidification starts during the laser cladding process and it can 







Figure 73:  EBSD phase map vs SEM micrograph 
 
In Figure 73a the same analyse is shown, with less matching bonds and then less constraints for the 
identification of the phases in the dark zones of the pattern quality. The result is shown in order to 
have some insights about those dark zones. Four of those intercellular zones are highlighted with red 
circle. In the EBSD phase map (Figure 73a) an agglomeration of points are observed, while in the 
SEM micrograph (Figure 73b) they are not clearly visible. All the zone of the carbides network in 
this case correspond to iron-silicide phases, but a careful interpretation of this is mandatory, because 
in the previous EBSD with high matching bonds these phases are not presented. 
These iron – silicide phases form a connection between different zones of the carbide network, as it 
is visible in the comparison of Figure 73a-b. But considering the EBSD of Figure 72a, they are to be 
considered as a different type of distorted austenite or distorted carbide.  

























Figure 74: Investigation on the EBSD zone 
 
Points 1 and 4 are in correspondence of a light halo in the carbides network, in the recognised zones 
by the EBSD discussed above. Point 2 is on a bright carbide while point 3 is on a dark carbide.  








Point 1 Point 2 





















The point 3 in the dark carbide has a high quantity of Cr and C, more than the others points. Points 1, 
2 and 4 represent the same phase, but the bright carbide of the point 2 is more define because its 
higher quantities of Cr and C. While light halo carbides of points 1 and 4 have not a clear nature and 
morphology. Due to this, a profile composition was done along a line passes through the carbide of 


































































 Atomic Composition [%] 
 
 
The analyse in Figure 77 identify three main zone: 1 and 3 correspond to the dark carbide, in particular 
a Cr carbide, because the high amount of Cr and C. Zone 5 correspond to the matrix. Zone 4 
correspondent to the bright area has an intermediate composition between the matrix and the carbide. 
Finally, the zone 2 present an intermediate composition between the matrix and the zone 4. Zone 2 
has lower amount of Si and Mo than the zone 4.  
As resume of these compositions, the elements show a composition gradient from the external to the 






Zone C Si Cr Mn Fe Ni Mo Phase 
1 33,82 2,22 24,93 0,77 32,23 4,53 1,47 Cr carbide 
2 23,97 3,67 15,17 1,83 46,39 7,99 0,96 
Cell border/ 
Matrix  
3 33,33 2,54 21,10 1,22 35,25 4,99 1,53 Cr carbide 
4 30,28 3,75 12,69 1,85 42,73 7,09 1,57 Cell border 
5 24,42 3,59 11,87 1,93 49,02 8,32 0,85 Matrix 






















C Si Cr Mn Fe Ni Mo
1 2 3 4 





4.2.1.2 Thermal analysis 
 
The pieces choose for the DTA are the number 1 and 3 for the core, in order to compare the difference 
between the external and the internal laser track, and the number 3 of the surface in order to compare 
the difference between the core and the surface of the deposit (Figure 36). 






























Reaction or phase 
transformation 
H1 ? ? ? Unknown 
H2 1120 1150 1200 Reheating 
H3 1210 1255 1270 
Eutectic carbide 
fusion 
H4 1280 1350 1370 Austenite fusion 
 






























































































The three samples after DTA tests were observed with OM. ‘Core 1’ and ‘Core 3’ exhibit similar 














Reaction or phase 
transformation 










1312 1307 1302 
δ ferrite 
solidification 





1191 1171 1161 
M2C 
solidification 
C4 1150 ? 890 
Precipitation from 
peritectoid [47] 







































































Figure 80: Optical Microscope observations on sample 'Surface 3' after DTA 
 
In the sample ‘Surface 3’ after the DTA tests were formed in the top of the overview (Figure 80a-b) 
columnar an equiaxed dendrites. In Figure 80d the phases are highlighted. Two different type of 
































Figure 81: Optical Microscope observations on sample 'Core 1' after DTA 
 
On the sample ‘Core 1’ is formed a columnar dendritic microstructure with different solidification 















On the sample S10.0 also a specific thermal analyse was performed to check the microstructure 
formed before the H3 peak of 1255 °C (Figure 78). In particular the heating was stopped at 1240 °C. 
The heating temperature was of 5°C/min, while the cooling temperature was of 20°/min in order to 
‘freeze’ the microstructure formed at that peak. The parts of the sample S10.0 used for these tests was 
‘Core 2’ (Figure 36).   
In Figure 82 is shown the heating curve compared with a heating curve on the deposit up to 1550 °C 
previously showed, in particular the curve of ‘Surface 3’. As is visible in the zoom, the H3 peak 
present a non linear DTA heating curve because of the slope changing of the derivative of the DTA 
curve, due to the presence of different types of carbides.  
 





















The sample after the DTA test was observed with Optical Microscope and Electron Microscope, 







































































Figure 83: Observations on sample 'Core 2' after thermal analyse up to 1240 °C  
 
In Figure 83a is visible an overview of the sample after the DTA. In Figure 83b-c is visible the 
globular morphology of the carbides. This microstructure is formed because of a high cooling rate. 
The main element identify by the cartography are Cr and C (Figure 83d-e) in correspondence of the 







The macro-hardness test was done on the left part of the sample S10.0 (Figure 84) The grid points 
have a distance one from the other of 1 mm. The first line on the bottom was done on the substrate of 
SS316L, in order to have a comparison with the deposit. The two points in the upper right corner and 





Figure 84: Macrohardness grid on left section of S10.0 
 





Figure 85: Macrohardness: SS316L+10%SiC vs SS316L 
  
In Figure 85a are present the average hardness for each line on the macro grid in Figure 84. The trend 
is linear and the average hardness for all the line (except the line -1 corresponding to the substrate) is 
of 348 HV. The standard deviation has not big values range. The hardness is visible better in 





4.2.2 Cladded deposit SS316L + 20% SiC  
 
In this section, observations on the cladded deposit of SS316L + 20% SiC are reported. Samples 
S20.0 and S20.06 were produced with original powders, while sample S20.07 was produced with 
milled powders, as explained in chapter 3.3. 
 
  






Figure 86: Overview of the sample S20.0 
 
The sample S20.0 presents a lot of big porosities and also a crack between the substrate and the 
deposit (Figure 86).  
 















A general view of the microstructure by Optical Microscope is shown in Figure 87. The carbides are 
big, with a size up to more than 50 μm. The morphology of them is like M7C3 type [36]. On the bottom 
left of the figure is visible a nucleation zone from where carbides start to grow, while the most of 
other carbides are randomly arranged. In the box is visible a focus on M7C3 carbides. They present a 
non-closed hollow-hexagon shape, with hollows and protrusions. 
With SEM some investigation on the microstructure were done, in particular some chemical analyses 










Figure 88: SEM observations on sample S20.0 
 
In Figure 88b-c are highlighted the two different types of carbides that characterized the SS316L 
+20% SiC cladded deposit microstructure. There are M7C3, discussed above, and also M6C [37]. The 







by the presence of a central platelet from which arises secondary platelets seperated by austenite. 
These secondary platelets are thicker at the end, interrupting the continuity of the austenite. 
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Composition of zone 1, 3 and 5 where the line passes through the M7C3 shows a high quantity of Cr 
and C. The zone 4 has also a high quantity of Mo, due to the neighbouring of a bright carbide (Table 
28). 
 
Another chemical analyse was done on the M6C bright carbide (Figure 91). It exhibits high values of 
















Zone Si Cr Fe Mo C Mn Ni Phase 
1 2,79 34,04 31,54 0,73 27,26 0,62 3,01 M7C3 
2 12,91 10,08 49,51 0,83 15,69 0,72 10,28 Matrix 
3 7,63 21,33 39,64 2,18 20,56 1,04 7,62 M7C3 
4 8,40 14,32 53,51 0,71 13,09 1,00 8,98 Matrix 
5 3,39 28,58 37,99 0,71 24,55 0,70 4,09 M7C3 





























Atomic composition [%] 
Zone Si Cr Fe Mo C Mn Ni Phase 
1 14,43 9,39 43,12 3,94 15,77 1,08 12,23 M6C 
2 11,94 6,71 59,47 0,36 9,38 0,89 11,21 Matrix 
3 5,91 22,70 40,73 1,11 23,62 1,02 4,89 M7C3 
4 6,50 20,69 42,13 2,06 21,45 0,82 6,31 M7C3 
5 14,51 7,83 48,84 2,93 12,26 1,12 12,48 M6C 
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In addition to the microscopy observation, the porosities were analysed with ‘Stream Analyse 




                 













In Figure 93b is reported 2D pores distribution in the section. The major density is on the centre of 



















More significantly is the Figure 94 where 3D pores distribution is reported in function of x and z axis, 
and the surface area. It is possible to notice that the most of pores have small dimensions, only few 







Figure 93: 2D pores distribution in the sample S20.0 





To understand if there is correlation between pores dimensions and distance from the substrate, the 
section was divided in 4 zones (Figure 95) and the amount of pores for each zone was checked. In 



















The smaller pores (0/0.02 – 0.02/0.5 mm2 ) present a linear trend of distribution from bottom to top 
of the section, in particular the number of them decrease from bottom to top as is visible in the first 
graph of Figure 95a. Bigger pores have not a linear distribution. 
 
The other samples with the 20% of SiC were observed by Optical Microscope. First the sample 
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Figure 96: Optical microscope observations on the sample S20.06 
 
The overview of the sample S20.06 (Figure 96a) allows to observe the presence of pores only on the 
bottom part of the sample, in particular in the first 9 layers of the deposit and not in the whole section. 
Cracks are present both in horizontally and vertically direction. A focus on the boundary between the 
substrate and the deposit shows a good interaction between them (Figure 96b).  
In Figure 96c-d is visible the microstructure of this sample: M6C (bright) and M7C3 (dark) are present, 


























































An overview of the sample S20.07 is shown in Figure 97a. The first two layers are composed by 
SS316L, in order to avoid fracture between substrate and deposit. After these layers, the deposit is 
composed by milled powders. The difference with the previous samples of SS316L + 20% SiC is the 
absence of porosity. A defect is visible in Figure 97a, but it is not a problem of powders.   
The substrate does not present the laser track path (Figure 97b). There is also the presence of oxides 
in the first two SS316L layers. While the second SS316L layer and the third layer of SS316L + 
20%SiC have a good interaction without big porosities or cracks (Figure 97c).  
The microstructure is characterized by columnar and equiaxed dendrites (Figure 97d-e).  
The unmelted particle highlighted in the box is characterized by a thin layer that isolates it from the 
matrix, and where the growth of carbides start. It can be a SiC particle or another type of particle that 



































5  DISCUSSION 
 
 
5.1 Role of oxygen contamination 
 
The characteristics of the raw material (in particular the SiC powders) have a huge impact on 
the final deposit. These particles have been chosen in the market because of their morphology, 
adapted for the laser cladding. The 5% of oxygen reported in the datasheet (Annex 2) was supposed 
to be a process defect, in the form of SiO2. Instead, it corresponds to actual air bubbles trapped into 
porosities.  
The presence of oxygen was detected comparing thermal analysis results and microscope 
observations on powders. In particular, as shown in chapter 4.1.1.4, the DTA heating curve of the 
original SS316L + 20% SiC powder exhibits an oxidation peak at 1130 °C, and SiC powders after 
milling show fractured particles that contain cavities (Figure 54).  
The aim of the milling procedure was to induce fractures and deformation of SiC powders in 
order to release the trapped oxygen. Different milling procedures were tested, considering previous 
works on powder milling preparation [53].  In particular, SiC and SS316L + 20%SiC powders were 
milled with different milling time and balls-to-powder weight ratios (chapter 4.1.2).  In this study, 
powder preparation by mechanical alloying (MA) through ball milling had an important role on the 
final properties of the cladded deposit, because the repeated deformation, fracturing and cold welding 
resulted in a change of morphology, size and microstructure of powders. Furthermore, ball milling 
increases cost and possibly lead times.  SiC powders were milled separately or with SS316L powders 
in order to establish the best procedure. The separate milling was not successful, and it did not lead 
to any evident changes, in spite of the many different parameters tested. Instead, the milling on the 
SS316L + 20% SiC with 1:5 balls to powders weight ratio lead to beneficial effects. 
DTA analysis were used in order to verify the effectiveness of the milling procedures. Figure 
98 shows that the heating curves are all very similar, presenting the same peaks, except for the range 



















Figure 99: Focus on DTA H1 heating peak 
 
Two main reactions characterize the peak H1 (Figure 99). It is possible to observe that exothermic 
peaks referred to oxidation are present in every condition, except after 6 hours milling. Endothermic 





















































































in this range temperature is not completely clear, because it was not possible to check the reactions 
product. Nevertheless, there is a clear evolution through the difference milling steps.   
Oxidation is due to the presence of oxygen and oxidation-sensitive elements such as Si present 
in the SiC powders. The oxidation leads to the formation of SiO2 and CO2, according the following 
reaction: 
 
𝑆𝑖𝐶 + 2𝑂2 → 𝑆𝑖𝑂2 + 𝐶𝑂2                                                            (1) 
 
 
The exothermic oxidation peak of curves of SS316L + 20% SiC milled powders is interrupted 
by an endothermic peak due to a carbothermal reduction. This reaction is due to the presence of C in 
SiC powders and it leads to the reduction of the less stable oxide. According to the Ellingham diagram 
(Figure 100) [54] and the study of R. Calderon [55], at about 1130 °C, C reduce the Cr2O3 presents 
on the surface of SS316L particles, due to its lower stability compared to SiO2. The result of this 








𝐶𝑟3𝐶2 + 𝐶𝑂                                                (2) 
 
 
Figure 100: Ellingham diagram [54] 
The comparison between TG and DTA is a good method to understand the thermal behaviour of 
powders, since it shows the mass change during the thermal test.  All the TG curves (Figure 98) show 





air (Figure 101), and a second decrease starting from peak H1 due to the beginning of austenite fusion 




Figure 101: Air between powders 
 
The TG curve for the original powders shows a plateau in the range between 400 °C and 1135 
°C because there is no reaction between SiC and SS316L, and only oxidation occurs at high 
temperature. Meanwhile, the milling leads to a reaction between SiC, SS316L and oxygen (presents 
in the undeformed SiC particles) with the formation of Cr2C3 and/or SiOx. In fact, there is an increase 
in mass in the range 400 °C – 1135 °C for the intermediate milling steps. Finally, the TG curve after 
the 6 hours milling exhibits a lower increased of the mass than the previous stage, but it is not possible 
to quantitatively compare with the others curves since a different ‘blanc’ as reference was used for 
the DTA test.  
The different milling steps and the relative DTA test were performed in order to choose the best 
milling result comparing DTA H1 peaks and microscope observations (chapter 4.1.2) on powders. 
The curve of the original SS316L + 20% milled SiC powders exhibit the oxidation peak, while curves 
of milled mixture of SS316L + 20% SiC powders exhibit a complex peak.  After 1 hour of milling 
the main reaction is the carbothermal reduction. In fact, SiC powders start to deform and to fracture, 
so the oxygen is released. The surface of some SS316L particles is covered by a discontinuous layer 
of SiC due to the continuous friction between the powders that occurs during the milling. The 
resulting granulometry is homogeneous (Figure 55). After 2 hours of milling the main reaction is the 









fractured particles are completely smashed and the number of small scraps is increased (Figure 56). 
In the first 2 hours of milling, the presence of a large population of ‘small’ or ‘big’ particles could 
lead to respectively a predominant oxidation or reduction. This is due to the different morphology of 
the porosities. Small SiC particles are more difficult to deform and they have smaller porosities then 
the larger SiC particles. After 4 hours the carbothermal reduction peak is higher than the previous 
milling time, but oxidation is still the main reaction. There are several SS316L deformed particles 
covered by SiC, and the granulometry is visibly heterogeneous because of the high amount of SiC 
scraps (Figure 57). Finally, after 6 hours milling, the main reaction is the carbothermal reduction and 
there is no oxidation peak. The granulometry of the powders presents both very small particles (< 20 
μm) and big particles (500 μm) (Figure 58).  
The aim of the milling was to deform and to fracture SiC powders, but keeping a homogeneous 
granulometry, as required by the laser cladding process. Considering the DTA/TG results, microscopy 
observations and considering an optimization of the process time, the best result in these terms was 
the milled mix SS316L + 20% SiC powders after 1 hour of milling. They were used to produce the 
sample S20.07.   
The reactions just described do not occur during the laser cladding deposition, but they were 





























5.2 Optimization of cladded deposit 
 
 
The parameters governing the cladding process must be studied with particular attention. 
These parameters are relevant in determining the clad profile, fusion between layers, homogeneity 
between layers, dilution of the cladding metal, surface finish, cracking due to thermal stresses, defect 
such as porosity, etc.  
The cladded sample of SS316L + 10% SiC led to good result in terms of production because 
it did not present porosity or cracks, as shown in chapter 3.3.1. The reinforcements were completely 
dissolved. 
The first deposit S20.0 was produced with the same parameters as the S10.0 that are present in 
literature (chapter 3.3) [29]. After the fabrication, it was noticed cracks were noticed only in the 
bottom part, between the deposit and the substrate, while the surface on the top appeared in a good 
state (Figure 33). When the sample was cut, many porosities were noticed. The main problem that 
leads to the internal porosity is the presence of cavities inside SiC particles that contain oxygen, as 
explained in chapter 5.1. When SiC particles dissolve in the molten metal, the oxygen is released and 
then gets trapped in the melt pool, leaving some empty zones on the deposit that are formed during 
the cooling. This results in the presence of cracks on the external sides since the deposit is not 
completely compact. There are some zones of the deposit structure with a high concentration of 
stresses. Based on mechanical behaviour of a solid, the result of high stress over the limit of the 
material resistance is its fracture. 
As explained in chapter 4.2.1.1, there is an evolution of the small pores (in dimensions) from 
the bottom to the top of the deposit. This is due to the temperature gradient in the deposit. In fact, the 
cold substrate and the firsts hot layers of the deposit cause a high temperature gradient that leads to a 
high solidification rate in the bottom. As consequence, many pores are formed because the oxygen 
has not enough time to escape from the melt pool by density differences. On the contrary, between 
the top part and the bottom part of the deposit the temperature gradient is lower and this leads to a 
lower solidification rate. Because of this, a larger quantity of oxygen has enough time to escape from 
the melt pool. The big pores are found a randomly throughout the deposit. They are probably due to 
an agglomeration of many small porosities that have not enough time to ‘exit’ from the deposit during 
the solidification (Figure 102).   
Considering these results, in order to improve the deposit quality, the laser cladding 
parameters were changed (chapter 3.3). In particular, for the fabrication of the sample S20.06 the 
power was increased and the scanning speed was decreased, in order to give enough time to the 





but there is a significant decrease of the porosities. In fact they are present only in the first 9 layers in 
a total of 19 layers (Figure 102). This is still due to the decreasing temperature gradient between the 
substrate and the bottom part of the deposit.  
Finally, with the pre-milled mix of powders, the deposit S20.07 did not shown external cracks 
and internal porosity (Figure 33, Figure 102). This is due to the absence of oxygen after the milling 
of the powders. The laser cladding parameters were set up with a low power and an intermediate 
scanning speed between that of the S20.0 and of the S20.06. The first 2 layers were deposited as 
SS316L alone in order to avoid possible cracks at the interface. It is possible that this additional layers 
are not necessary. They present internal oxides visible with microscopy observation (Figure 97). 
However, the aim was to eliminate the porosities of the deposit with the 20% in volume of SiC, so 


















5.3 Evolution of SS316L with SiC addition 
 
The classic microstructure of 316L Stainless Steel is modified by the addition of SiC. However, the 
characterization showed a microstructure without the presence of SiC. Final properties of the cladded 
deposit depend on the type, volume fraction and morphology of carbides, as well as on the properties 
of the matrix.  
The presence of Cr leads to the formation of hard carbides, such as M23C6, M7C3 and M3C2 
depending on Cr/C ratio [56]. Cr has desirable effects on the mechanical and physiochemical 
properties of the matrix alloy. However, an excessive precipitation of Cr carbides might deplete the 
Cr content of the stainless steel matrix hence compromising its corrosion resistance. Dutta Majumdar 
et al. [29] have shown that the corrosion resistance of a 316L+SiC cladded deposit is equivalent or 
better when compared with conventional SS316L [57]. The other element that increase the hardness 
of carbides and/or leads to strengthen the alloy matrix is Mo that promotes formation of M7C3, M2C 
and M6C.  
The microstructure of the cladded deposit of 316L + 10%SiC showed a better macro-hardness 
(348 HV) in comparison to the conventional cladded SS316L (200 HV) (chapter 4.2.1.3), because of 
the presence of hard carbides in the microstructure.  
The presence of Mo and Cr leads to the formation of different phases in the S10, in particular 
in the track and in the heat affected zone. Microstructural observations on the track have shown a 
cellular/dendritic microstructure with primary austenite and eutectic (Cr,Mo)23C6 carbides among the 
cells (Figure 103), according to a similar morphology observed in a previous study [34]. One should 
notice that the typical size range of the phases in the as-cast process of the cited study is 10 μm, while 











Meanwhile, Cr7C3 and Mo2C carbides were found in the heat affected zone. Indeed, during 
the deposition of a new track, a heat affected zone is formed from the microstructure of the prior 
tracks. The heat affected zone presents modified carbides, and the precipitation of Cr7C3 and Mo2C 
from (Cr,Mo)23C6. These two carbides are present in the intergranular spaces and they are 
characterized by a smooth boundary that clearly outline the interface with the matrix. However, they 
do not form two separately distinct phases, but they are connected by an undefined boundary. In the 
SEM observations of the heat affected zone, Cr7C3 are dark and with a globular shape, while the 





Figure 104: Heat affected zone microstructure on sample S10.0 
 
Table 30 list the chemical composition of the various phases. 
 
Atomic composition [%] 
  Phase C Fe Cr Mo Si Ni 




12-18 41-51 18-26 1.8-3.2 5-7 6-9 
HAZ 
Cr7C3 20-30 28-49 15-30 2-3 1.8-4.6 3.5-6 
Mo2C 15-20 44-48 11-19 3.8-5.5 6.1-7.8 7.5-8.4 
 
Table 30: Atomic composition [%] of phases on S10.0 microstructure 
 
The eutectic carbide inside the track has an intermediate composition between the Cr7C3 and Mo2C 













Figure 105: Schematic reconstruction of a single grain in the track and in the heat affected zone 
 
The track is generally formed by a connected carbide network, while the heat affected zone 
present an unconnected structure with an inhomogeneous composition (Figure 105). In particular, 
some zones enriched in Si and Mo at the cell boundary could not be observed as shown in Figure 73. 
EBSD analysis revealed the presence of a distorted lattice in those boundaries since their indexation 
was lower than for the austenite of the neighbour cells. 
 



















Phase C Si Cr Fe Ni Mo 
Cell 
border 
30,28 3,75 12,69 42,73 7,09 1,57 
Matrix 
HAZ 
24,42 3,59 11,87 49,02 8,32 0,85 
Table 31: Atomic composition [%] of the grain and the cell border in the heat affected zone 
TRACK 






The composition of the ‘cell border’ is intermediate between carbides and matrix (Table 31). This is 
due to the thermal gradient of the heat affected zone discussed above that leads to the degradation of 
the eutectic carbides. Most of Cr and Mo precipitate locally in preferential zone forming carbides, 
leaving the residual in the ‘cell border’ zone.   
The EBSD revealed locally the presence of (Fe,Mo)3C and (Cr,Mo)23C6 carbides, but these 
carbides do not form an homogeneous phase, except for some small areas. Cr23C6 carbides are identify 
by EBSD as the same crystalline phase of austenite (Face-Centered Cubic FCC), so in the area where 
they are present as isolated points they are to be considered as austenite. The (Fe,Mo)3C carbide are 
identified as Base-Centered Monoclinic (BCM) crystalline structure. This is a consequence of an 
increased cooling rate during solidification that promotes a freezing of alloying element in the liquid. 
When the carbides are formed under such condition, they can exhibit crystal lattices that are different 
from the equilibrium conditions [58]. 
An important method to establish the solidification sequence consist in analysing the DTA 
heating curve by a reverse approach. In order to elucidate the solidification sequence, the DTA 
heating peaks are correlated with the chemical compositions and morphological features of the phases 
present in the microstructure. The cooling curve of the DTA test is not useful because there is a high 
difference between the cooling rate occurring during the laser cladding and during the DTA cooling 
step. Indeed, the formed microstructure is completely different in terms of dimensions: in the cladded 
deposit the typical size range is 10 μm, while in the sample after DTA test, it is about 100 μm.  
 







































































As explained in chapter 4.2.1.2, three different DTA tests were performed on the cladded 
316L+10%SiC deposit (Figure 106). The three curves exhibit the same trend during heating. The only 
difference is in the curve ‘Surface 3’, where the peaks H3 and H4 have a lower height because of the 
smaller weight of the sample ‘Surface 3’ in comparison with the samples ‘Core 1’ and ‘Core 3’ 
(chapter 3.4.1). The TG curves trend is similar for the three samples. After a plateau until 1000°C, 
the temperature become critically for the material and the fusion starts. The transformations that occur 
above 1380°C are not useful for this analyse and they are not considered.  
Following the peaks backwards, the solidification starts with the peak H4 (Figure 107). The 
precipitation of carbides starts at lower temperature, so the peak H4 corresponds to the formation of 
primary austenite. In fact there is a continuous change of the DTA derivative curves. It characterizes 
the matrix of the cladded deposit.  
 















The second constituent formed during the solidification (peak H3) is the (Cr,Mo)23C6 eutectic 
carbide located in the intercellular region (Figure 103). The derivative of the DTA curve (Figure 108) 
does not show a linear trend because of  the melting of the Cr7C3 and Mo2C observed in the heat 









































































Peak H2 was observed in the study cited above [47], but the nature of the corresponding phase 
is not clear, while peak H1 is unknown. Microscope observations and chemical analyses have been 
carried out, but modifications were not observed. 
 
With the addition of 20% in volume of SiC the microstructure changes, due to higher amount 
of SiC and of porosities. In fact, the oxygen inside the SiC powders can obstacle the melt pool during 
the laser cladding process and forming different phases.  
Two different carbides characterize the microstructure of the SS316L + 20% SiC cladded 
samples S20.0 and S20.06: M7C3 and M6C (Figure 109). In this case M7C3 has a different morphology 
if compared to those of the sample S10.0, similar to that reported in literature [36], because of the 
higher amount of Cr and C. The size is larger as well, probably due to the presence of gas to and 
macro-segregation. 
Mo promotes the formation of M6C, characterized by the presence of a central platelet of M6C 
carbide, from which secondary platelets of M6C arises, separated from each other by austenite. These 
secondary platelets are usually thicker at the end, interrupting the continuity of the austenite [37]. 
M6C and M2C (present in the cladded deposit of SS316L + 10% SiC) are both a Fe – Cr – Mo phase 












































Core 1-3 / 
Surface 3 Endothermic 
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In Table 32 is shown the chemical composition of the phases. 
 
Atomic composition [%] 
Phase C Fe Cr Mo Si Ni 
Matrix 9.4-15.7 49.5-59.5 6.7-14.3 0.4-0.8 8.4-13 9-11.2 
Cr7C3 20.5-27.3 31.5-42.1 20.7-34 0.7-2 2.8-7 3-7.62 
Mo6C 12.2-15.8 43.1-48.8 7.8-9.4 2.9-3.9 14.4-14.5 12.2-12.5 
 
Table 32: Atomic composition [%] of phases on S20.0 and S20.06 cladded deposit 
 
All the formed phases, although they present the same elements as in the deposit S10.0, have a 
different composition. 
 
Finally, the latest cladded deposit S20.07 with the pre-mill powders presents a different 
microstructure similar to the sample S10.0. It is characterized by the presence of columnar and 
equiaxed dendrites with bigger grains (Figure 97). Any M7C3, M2C or M6C were observed, but in this 

























6  CONCLUSIONS 
 
 
• The characterization of both volume percentages of SiC showed a complete dissolution of the 
SiC powder in the SS316L.  
• Microstructure investigation of the SS316L + 10% SiC cladded deposit, chemical analysis 
and thermal analysis allowed to understand the phases formed and the solidification sequence. 
This deposit is formed by a SS316L matrix enriched in C and Si with M23C6 (M=Cr, Mo) 
eutectic carbides that formed columnar and equiaxed dendrites. The eutectic carbide is 
degraded in the Heat Affected Zone due to a thermal effect that leads to a locally precipitation 
of Cr and Mo with the formation of Cr7C3 and Mo2C. Due to this, a single grain in the Heat 
Affected Zone exhibits a different composition in the border if compared with the centre. The 
microstructure is reinforced by the presence of those carbides, if compared with the 
unreinforced cladded SS316L. Indeed, the macro-hardness is increased from 200 HV to 350 
HV.  
• With the addition of 20% in volume of SiC, the microstructure exhibits the same phases but 
with different morphology, due to the presence of gas in the melt pool during the deposition. 
This element led to the formation of cracks and pores in the SS316L + 20% SiC cladded 
deposit. The reaction that occurred between the oxygen and the chemical constituent of 
powders led to a porous deposit.  
• A tailored powder preparation was set up in order to achieve a sound deposit with the 20% in 
volume of SiC. When the SiC powders were milled with SS316L powders, the cladded deposit 
presented a good external surface without cracks and no internal porosity. This is due to the 
fracture and deformation of SiC powder occurring during milling that leads to the release of 
the trapped oxygen.  
• There is a clear evolution of the SS316L + 20% SiC cladded deposit in terms of quality. The 
first sample exhibited porosities and cracks in the whole deposit. Subsequently, with the 
optimization of parameters of the Laser Cladding technology, porosities and cracks were 
restricted only in the first layers. Finally, thanks to the preparation of powders with milling 

































































7  PROSPECTS 
 
 
• In order to compare the microstructure of the cladded deposits with 10% and 20% of SiC in 
terms of dimensions and phases, characterization of the SS316L + 20% SiC with milled 
powders should be performed.  
• As shown in the results of this work, the addition of SiC in a SS316L matrix improved the 
macro-hardness. In these terms, it is also interesting to investigate the nano-hardness in order 
to compare the result with other MMCs.    
• Corrosion tests can be performed on the SS316L/SiC composite, in order to compare this 
property with the conventional SS316L. 
• One of the challenge that leads to the addition of different material as reinforcements of 
SS316L is the improvement of its wear resistance. The characterization of SS316L+SiC 
cladded deposit showed the presence of Cr carbides, that are responsible of a high wear 
resistance. It will be interesting to check the wear behaviour of this composite.  
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